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I. INTRODUCTION

In the past several years the US Army Missile Command (MICOM) has been
engaqged in the development of techniques for improving the_self-alignment
performance of an inertial measurement unit (IMU) [1 to 12J. This report
documents the continued findings of new techniques applicable to IMU self-
alignment.

The precision of and the required time for IMU self-alignment depend
not only on the quality of the IMU hardware but also on the effectiveness
of the attendant software. In fact, an ingeniously developed self-alignment
algorithm enables the compensation of anomalous effects caused by hardware
imperfections. Thus, the stability of the hardware characteristics has
become more important than the exactness of the hardware.

In general, an IMU self-alignment procedure contains on-l1ine determi-
nation of a set of parameters characterizing the state of the IMU. To cope
with the ever existing effect of random noise and disturbances, redundant
measurements and a regression type of data reduction technique are used for
improving parameter determination accuracy. The purpose of this report is
to describe two features of data reduction for the self-alignment of a gim-
baled TMU. The procedure involves an accelerometer based two-position self-
alignment technique which has been reported in detail elsewhere (1, 5, 7].
The two features to be discussed are a continuous-time algorithm and a
“scraping" technique. Since the present concern is the data reduction soft-
ware, only the necessary background will be reviewed.

IT. THE ANALYTIC MODEL

The parameters to be determined during IMU self-alignment are contained
in the following two measurement equations,

- 2 3
vN(t) = Alt + A2t + uA4t (1)
Ve(t) = aje + A,t8 - A

gt + Ay t° (2)
where A i=1 to 4, are the parameters,t is the time variahle, u is a con-
stant, and V”(t) and VF(t) are observed north and east velocities. Bv
Tetting t=kT, the discrete-time counternarts of Eauations (1) ant (2) are

obtained as

3
VN(kT)

k2 + vB

Bk + B 2k (3)

K2 - vBok> (8)
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v = uT.

The discrete-time model, given by Equations (3) and (4), was used by
the present authors in the previous development of a data reduction algo-

rithm,
ITI. CONTINUNUS-TIME REGRESSION ALGORITHM

The continuous-time regression algorithm differs from the discrete-
time one in that the former uses integrations while the latter uses sum-

mations. It is apparent that the latter is the approximation for the former,.

A simple demonstration of this effect js given below.
Example: Consider a polynomial model

V(t) = at + bt? + ct3, (5)
and the associated integral square error

o= ST v - et + 0t? 4 o)) e (6)
The discrete-time versions of Equations (5) and (6) are

VEK) = atk + brk? + co33 (7)
and

N "
12 =k£1 T[V(k) - (atk + bT‘k2 + CT3k3)]2 (8)

where N = T/t. Elements of the matrices of the associated normal equations
are

= [T4M =
Cm ~.[0t dt, m=2to6 (9)
for the continuous-time model, and
+1 N
Cp = ™ ) k™, m=2to 6 (10)
k=1
4
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for the discrete-time model. Let t=240 and 1=.192, then N=240/.192=1250.
The computed values of Cm and Cm are listed in Table I. Percent errors in

Cm caused by use of the discrete-time model are also listed in the table.
Return to the IMU measurement model represented by Equations (1) and

(2). The integral-cquare error resulting from a continuous-time least-
square regression is given by

t
oy .tk 2
R e O SR L
t 2 3
o lett) - agt + a? -] 2. (1

Letting j‘r = 8T = 8T = &1 =0

—— - ——
GA‘ ,A2 rSA.} GAA

yields the following set of normal equations which specify the condition
for I(tk) to be minimum, where all integrations are from t=0 to t=tk.

Jevyat = a fe?dt + a,ftdat + un, Jetae. (12)
v, - wtdvpat = a et
e, (Jthar + 1¥ftbat) - auftiat. (13)

Jevgat = afelat + a,fedt - 1JA21't4dt. (14)

+

fiedvg +utdvpar = a ftlat

2
e 8y (frlat « (Xfebat) + apfttar. (1)
Define

W, = Jevae

(42 3
Wy = J (e - utivp)dt

= (16)
Wy = ftvedt

- 2 3
Wy —j (tVg + utovy)dt

After evaluating the right-hand side integrals .»f Equations (12), (13), (14),
and (15), this set of equations can be written in the matrix form as
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TABLE I. VALUES OF ELEMENTS OF NORMAL EQUATION MATRICES

Continuous - Time Discrete - Time % Error In |
Least - Square Least - Square Discrete - Time Case f
¢, = 4.608000x10° c, = 4.613271x10° 11
C, = 8.294400x10° ¢, = 8.307429x105 .16 |
) 11 - 11
C, = 1.592525x10 ¢, = 1.595635x10 .20
¢s = 3.185050x10"3 c; = 3.192620x10"° .24
C - 6.552100x101° c; = 6.570238x101° .28 |
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Let the 4x4 matrix in

Let

and

.3 4
© o
3 4 5
4 5 2.7 ¢2
oo kT L 0
4 5 7 5
5 3 4
0 jxtl tk tk
5 3 4
5 4 5 7
K tk 0 1'5 _tk_ + 112 _k
| 5 4 5 7 J
R R —

3
T 9337 %
3
Gyp = Oy = G3q = g3 = by
127 %1 793 7 93 7 %
2
= agq - t; + W tZ (18)
5 7
= = o - t5
941 7 923 7 "932 7 "
5
913 = 9pq = 931 T 9pp = O
- g} (19)
) 2 2
=991 922 %12 " Y14 (20)
7
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Then, the elements of H, denoted hij’ are given by

N
812
hip = hpy = hag = By3 = - 5= = Ky
hyg = hgp =hy3 = “h3p = =014 = K4
A
h

13~ hgg = h3p = hyp = 0

where K,, 1=1 to 4, is defined here to simplify the notation.
ters Ay =) to 4, are given by

— . M _ M r
[, l Ky <Ky 9 =K, W,
) K, K, K, © W
"t3 T2 T4 2
A3 0 K4 K1 -K3 w3
! (Al [Ke 0 K3 Ky [ Wy ]
To evaluate Ky use Equation (18) in (20) and (21) to give
. R = 2400 qQ
3
tkP
K2 = 2800
5
tkP

L AT YINTIRRRS

(21)

The parame-




K3 = 2109
‘ 4

tkP

- 1630n
K4 5
tkp

where

35 + 64 uztE

(24)
Q = 7 +5 hztf

o]
H

The evaluation cof in%tenrals of Wiy i=1to4, as aiven bv Eauatinn (16}

is more involved. First, let the velocitv at anv time be modeler bv
V(t) = ve,) +alt - t)) (25)

where a is an estimated acceleration given by

a T T (26)

In Equations (25) and (26), t, is the initial time and te the final time of
a computation interval t. Also, V, = V(ti) and V¢ = V(tf). In the sequel,
the notation ( )k will be used to indicate that all quantities inside the

parentheses are for the k-th computation interval. Next, consider w1 of
fquation (16).
te
W = {1 AVn
U IR FIR AR ELURTINr
At
t.
1
2 2
= to -t
(wl)k-l P Ve f.__*1>
2
v v 3 2 2
o=V t. -t t t
+ Nt _Ni Ao -t an -
t -t 1 K4
t t/ k




After steps of algcbraic simplification, one gets

] 2 2
(g = Mg - Q/Nf - VN? (b7 + et + 8
6 /k

Similarly, for Wy of [quation (16),

_ 2, .., .2
(W3)y = (M)y g '(VEf - in) (te + tety v tp)
k
6

2 2
+ (VEftf - VEitg) . (28)
2 k

Finally, consider w2 of Equation (16),

(W) = (W) s
te ,
v 2
+ Vi, 2 N (t - ti)]tédt
J; [ Ni + it ]
1
te
\V 3
+ ft [V + CE (- ti)]t dt
i At k
3.3
i t3 - t°
Wop * <VN1—_f 12
3
+(wa - Vm) (:" S S A
_— f i f l't
te -t A 4 b 3 i
10
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After simplification,

] 3 3 4
(Wy)y = (o) y +("thf - VNiti)k - ”(VEftf4 . inti)

3 4 Kk

3, 2 2, .3
- <VNf -VN1> (tp + te ty + Lot + £,
12k

i

4 3 2.2 3 4
+a‘<v-Ef - VEi) (te ¥ tet v bt * b+ 50 (20)
20

Similarly for W4 of Equation (16),

- 3 3 4 4
(H)y = (ighy g * (vEftf - inti) i “(Vthf - VNiti)
3 K k

4

3.2 2 3
‘<VEf - in) (t + tet, + tet) + ti)k
12 k
4. .3 2.2 3 . .4
- w (va - ij)( (b + tet, + et + teth +t) (30
20

Equations (27) to (30) are recursive updating equations for W; which are
needed in Equation (22} for the recursive determination of Ai'

Equations (22), (23), (24), (27), (28), (29), and (30) constitute the
set of continuous-time regression algorithms,
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IV. THE SCRAPING FEATURE

Consider a rearession model

V=Ak+BKE, k=0,1,2, ... (31)

where V is measured while A and B are parameters to be determined. Assume
that B is much smaller than A. Under this condition the determination of

B will be Tess accurate than that of A because of computation round-off er-
rors. ,0ne way to get around this difficulty i5 to subtract from V the a-
mount Ak where A is the a priori value of A. is related to A by

A=R+ A (32)
where AA is the error in A. Thus, a new regression model is given by
Vo= v - Rk o= Ak + 8K, (33)

Usually AA is small enough not to exert a dominating effect on B. For a
recursive regression algorithm, the part of Ak known a priori can "scraped"
off from V recursively. Therefore, this feature will be called the
"scraping feature". A demonstration of the effectiveness of this feature
is given below.

Example: Consider measurements generated by the model

v, = Ak + B2 +n, k=1 to 100

kS
where A = 1,111111 and B = .000001. Measurement noise Ny has a normal dis-
tribution of mean zero and variance one. Least square regression with and
without the scraping feature are used to estimate A and B. Results are

shown in Table II. Improved results due to the scraping feature are evident.

Return to the IMU measurement model of Equations (1) and (2). Here,
accurate determination of parameters A2 and A4 is more important than that
of A1 and A3. The scraping feature will be incorporated into the regression
algorithm to enhance the accuracy of the estimated A2 and A4. Define

V= V- Alt = DALt + AT+ Ayt
VE = VE A3t AA3t + A4t qut . G
12

e




WITH and WITHOUT SCRAPING FEATURE

TABLE II. LEAST - SQUARE REGRESSIONS
A = 1.11111
B = .000001
Least - square regression with scraping feature
K ESTIMATES
A ”. Error Error
10 1.1111 0.0000 9.45809x1077 -5.4
50 1.11111 0.0000 1.00060x108 0.06
100 1.11111 0.0000 9.99795x10"7 0.02
Least - square regression without scraping feature
K ESTIMATES
y » 7 »
A Error B . Error
10 1.11111 0.0000 9.53674x10"/ 4.6
50 1.11112 0.0007 8.34465x10"’ -16.6
100 1.11113 0.0014 8.34465x10"’ -16.6
13
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where

A, - ﬁl + AR

Ay = ﬂ3 + A,

Equation (34) is the new regression model for IMU self-alignment.

1
(35)

Compar-

ing Equation (34) to (1) and (2), one notes the following replacements:

o

AA

1 replaces A1

AA3 replaces A3
VN replaces VN

VE replaces VE‘

Therefore, using similar replacements, the least-square results obtained in

Section 3 can be modified for the model of Equation (34).

From Equation (22},

with proper replacement, one gets

F\A i F K, -K 0 -K ) P-w ]
1 1 3 4 1
A2 -K3 K2 K4 0 w2
(36)
AA3 0 K4 K1 —K3 w3
A4 -K4 0 -K3 K2 W4
L L S L S

where K, are given by Equations (23) and (24), and w, are obtained from

Equation 716) as

S —— -

W

1
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= - 3y -
Wy = fiefvy - )t
I (AT (37)
Wy = fiefve e S
4 E N4t

Once (/\Al)k and (/\A3)k are determined, (Al)k and (A3)k are given by

(Apiog + (MK
(38)
(A3l = (Ag)_ * (M),

The algorithm for W; of Equation (37) is more involved than that given

by Equations (27) to (30). First consider the scraping of VN to give V&.

e = V) = (A gty

(Vg + (¥,

- [(Al)k-Z + (Ml)k-]J (ty_y + At

Odeer * A atier + (), - (A o0t
N em—— - [/
(4 )ty
(V)1

(VE')k can be obtained from (VE)k in a similar way. Hence

Wide = Vg + () = (R o0t - (A )1ty
’ ' (39)
(VE)k = (VE)k'l + (AVE)k - (A3)k—2/t = (AA3)k‘1tki
15
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Mext, consider the effect of AAl’ and AA3 on wi. From Equation (17), re-

placing A1 and A3 by AA1 and AA3, respectively,
o7 r .3 4 I
") K tk 0 3 Ay
3 4 >
4 5 2.7 .5
W R S s ° A2
4 5 7 5
- (40)
t £ t AA
w3 0 -1 v __k‘ '} 3
5 3 4
5 4 5 2,7
Wy utz 0 t_k _tﬁ,+ Lj_tl& A
- 4k 5 4 5 7 <kt~ Sk

The part of wj_due to AAl and AA3 alone are, therefore, given by

_ 3
3
4 5
4 5
= 3 (An
3
- 4 5
4 5

(Awi)kare the a posteriori correction for (wi)k after (AAi)k’ (AAl)k, and
(AA3)k are estimated. Ideally AA1 = AA3 = 0, therefore, the corrected (wi)k

denoted (wf)k are given by

16

‘ -,

- MU
* L A T
HE P L T




.._---\.._._......

c - -
(wi)k = (wi)k - (Aw{)k, f =1 to 4. (42)

Now one is ready to modify Equations (27) to (30) for the algorithm for W,.
The modifications consist of replacing:

In Y Vne

AT

Vee bY Vpg

in by V,

Ei.

(W;),_, at the right-hand side by (W) kel

The result is

(N = g - (W)
- W = WD)y (e tet, ¥ £, }
*alite - Wk (43) ’
(Wy), = (Wz)k_1 - (sz)k_1 |

Ly 23y 3 | ‘
3 (ete - Viate) | |
‘ i
Loye oy 8,3 4 122 3, .4 i !
F 20 (Ver = Vegli (b tety + tet + tety + £, ! (

1 ’ 4 » 4 ‘

- (VEgte - Vet )y (44)
i
t
1
17
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My = By - W)y
1 y- 2 2
5 Ve = Vede (T * tety 1))
(vt - Ve t)
2 VEff T OTELTL/k” (45)
My = (ighyy - (M)

2

Lo vy 43 2
12 (Wer = Vedd (tp + b5ty + tet

3
i * ti)k

1,3 3
* 3 (Vgete - Vet

vt vy (8 e 13 s 1202 4 b g3, 40
720 (Unf - Vnadk (B + tpty + teth + teth + ty)y

TP S
7 (gste = Vst e (46)

) The complete set of least-square regression algorithms with the scrap-
1ng {eagure is given by Equations (36), (38), (39), (41), (43), (44), (45),
and (46).

Testing the Scraping Feature

A least-square reares$ion alnorithm with scraoina feature was imnle-
mented into an IMU self-aliqnment and gvrocomnassing software. The soft-
ware was then testecd on a long ranne missile IMU. A total of 1223 sets of
incremental velocities AVN, AVE, and AVA was meastured. The alqgorithm was
recursive which yielded 17222 sets of alignment results beainnina with the
second measurement set. For the sake of comnarison, another tes: run

usino a least-square alaorithm without the scraninn feature was also made.

It was predicted that the algorithm with scrapina would result in fast-
er convergence as compared to the algorithm without scraping. This pre-

18
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diction was confirmed by the test results, although the improvement is small.
Figure 1 shows the convergence plot of values for «, the heading angle, Dﬁ,
the north channel drift, and D2, the east channel drift.

Algorithms used in the test are listed in the appendices. Appendix A
contains the algorithm with the scraping feature, and Appendix B contains
the one without the feature.

V. CONCLUDING REMARKS

Two software features have been described in this report. The features
are applicable to ™" self alignment and gyrocompassing. The first feature
is the use of continuous-time arithmetic in a least-square regression algo-
rithm. This featur+ .voids the error caused by the discrete-time model.
The second feat.ure, ca:ied scraping, is intended to enhance the accuracy of
determining the drift parameters by recursively scraping off from measured
velocities those components caused by platform tilt misalignment. The re-
sult of scraping i- to reduce the effect of computer round-off error. In
the sample test, the improvement of gyrocompassing by scraping is small.
This is due to the small round-off error to begin with. In the case where
round-off error is severe, scraping should provide appreciable improvement
in gyrocompassing.

19
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KNOMCE)  KTXC3) ,DELTACE) ,DVCS) , TURBCA)Y , LDUML , JUF ,LACS) ,E1DU,
CuD,WE () L ERCS) ,DELTY,RDEL YT, UNT,RCNT, TRP (3,.5) ,RMAX,

KRMAXH, LAMDA,LAT(3) D (3) ,D1(3),DUCA) ,DSC3) , 6, ELTACL) 6T (3),
TMANR , FHTE, THET2, DVR(3) , L 1D(3), IDUM2 ,SFLAG , UHEGE , TRC(3,3),
TRDCE, ), TPD(3,3) ,I'HLZ ,PHIC , DEGRA, LUNVE , 1DUMS , Al LAG,FST (1),
YEAR ,MUNTH, DAY , HOURS . MINS, SECS, MBELG . LOLD (2, 5) . DLULD(2, 3) |

UNLW G2, 3) , DUNLWCZ . 5) ,G(2,5) ,DLC2,3) LRRCT, LFE ,MUDIP  UTY 1P 1L M2,
TDENTCE,8) ,MIRXACS, 3) ,MIRXE(S,3) ,MIRX:(3,3), FHD, IHF, CP(3,3),
TEDCS . 4) L TDRLKTACS) KTDCS) ,THIUP (3, 48) , THETACSH) ,AX16(8),

TLSE L, ILATLFROE)Y, NIETH(S) L ID1(2),

TIMEC2%0) THNUKCES0) , THWES (2500 L TDNUCZL0)  ETDWS(25%0) KK, THA(250)
LALPIPCL2) (KPLUT, XAP(2%0) , X2P (250) , X3P (2%0) , XAP (250) , XSP (250)
JDNRCE (425) ,DNRUGCL25) ,NSLRY ,ALP T (12Y)

JRTE LU, SYNG, NBUF , EMUSN, ISPALE , BUF 1 (30) (BUF2(32) ,LRROR

=R TZAICR TN,

C
(19491 o7 O O 1 O O % 41 O 1 P I I I I O O 1 I OO 1 OO IO I O O U o A 0 O I O 04 I I B
v
DIMENSTION INLSH (2)
EWULVALENCE C(THETMOL) (X3) , CTHETMO) . X2, CTHETM(3) ,X3)
A C(THETM(4) ,X4) , (THEIM(SH) ,XS), CINLSGE, TLSH) , CINLSF () KD
FUDIVALLNCE (FR(3) ,ERY)
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DATA 11373077/ /7R/

DEIERMINE 0F ALAS 1L 10U Be EXELUILD

LE CINE O NE.UO) GU TU 9
FSTLU=0
RETURN

DETLRMINE LF FLIRST UK

SECUND

FTHRUULH WL NUI LOMPURL THE

WHCESI140-1)2,4,4

FIRSY TiML THRUOUGH LT
AND INIf1AL CUNDIMILUNS

FSI10=1
NLSF = INLSF

1 1ML
L5F

NUMEBELK U

CONVERT FKUM DLG/HR T0 RAD/SEC

tFRU=t RU/ (5600 . XDEGRA)
U=-FrRruU/3.

11=0,

DYS@=DELT (XDELTT
DICE=DILWURDELT
DTUD=DTSAXD 154

Al=, Z3833545533%xD18W
A2=.25%DTCH

AS= ., 2XDTWDXU

UNF=DVR (1)
VEF=-DVR(2)
VAL =-DVR (3)

Wi=UNI' KA1
W2A=UNF XA
W2E=- VEF XAS
W3=VEFXAL
WaA=VLE kAL
WAH=UNF XAJ3
WH=VAFXA1L

LECUOND AND SUBGLWULNY
Wi (0 W, G5 10 s,

4 K=K+14

T1MES

THROUGH .

ITLRATIUNS

THROUGH, COMFUTL

AND X1 10
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§
i
o :
‘ ‘
¢
¢ LUMPUTE Wi 10 WS
¢

[ R I
TF=TL¢DELTT

UNL=UNF
UNE=UNLT$DUR (1) - X3AXDELT) DXi¥ 4
VE [ =VI.F
VB - :VET- DVR () XASKDEL T L - DXSx1t
VAT =VAF

VAt =VAL DUR($)

HFFSQ- 1%
TFCB=11 GEXTF
THOD - THGUKTESE
TFRT-TFSWRIFCR
N T1SE=T1RT1
TICHB=1[5QXT!
FAWD=T1LEXTLISW

SND- TFSW4 1 XT 14T 1LW
F3RD=tFCB+IFSUK L TFRTEBWHTICK
TATH=THQD T FCBEXT LS THOMKTIGW TR Lisk4 1 1L WD

AL+ 833535883 3%T1HLREDX Y
A2, K FWDXDXE -, 2K UATHWIEXDX 3
AS= B3 8885538%THLURKDXS
A4z YK IFRADXDX S+ 2XUXTFWIFXDX1

Wi=Wi- (UNE UNIDYXKTEND/Z& 9 (UNE KT GE-UNDEFLLWI X Y- At

CATWRA - (UNF-UNTJRESRD/12 . ¢XUNF XTF LUl UNIXTIUID /3,
WEEB=WaB+UXCCVEL - VE L) XKTATHA L 0% (VR XTE Wh- VELXTLRD)IX . 20) - Al
W3=W.E - (Ut VELIRI2ND/6, ¢ (VL XTESQ-VE L KT LS K. 5-RS
WAA=WAA (VEF-VEL)HTARD/Z12 4 CVLE X T G VL LR EGEY /74,
WAB=WAB-UKC(UNF -UNI) K T4 1HX, U -(UNFXTL WD -UNLXTLOD) X, 2') ~A4
WS=WSH - (VAL VAL XTZND/ 6.+ (VAL XTFLE VALIXKT LW XK. S

COMPUIE &8 TU &Y

cOocon.

PEU= T %U

TFUSQ= TEFUXTEL
PP=3%,464. . %X1FULW
QB=7.+5.% TIUSH
KRRRE:=T (L BXI'P
RKRC=RRRHXTF
KRRD=RRRLX1F

G1=240, KBW/RKRE
522800, /RRRD
98=2100 . /RKRE
S54=1680 ., XUJ/RRRE
h= 3./1tLH !
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C LOMPUIL X1 TU X%

[
Xin-LikWE SSAWZA-LANWAA
XiB= CGSKWAH B AKWAR
UX1:X1A4XIH
X1t - Xi
Xt =X14DX1
QA= S53KWL FSRMZA+GAXWS
Xek= SPKWEE

X2=XIA+X2H
SA= SARWCAHS AW HIxWaAA

XSH= SAKW2H -5 SKWAR
DX3=X3A4 XSk
X33 = X3
X5 =X3+DX3S

\ XAA=-5AKWE ~SIKWS +S2XWAA
X4R= CENWAR

X4=XA0 +XAR
XU GORWY

C
C FILL HUFtER
L
GORILLU = f2LH
BUF1(6) = 11
pU 18 1 = 1.3
BUE L (I+23) = ER(L)
BUFL(L420) = ETDCL)
10 BUFL(L+&) = DURCI) .
PO 20 1 = 1,6
20 BUFL(1+9) = THIETACL)
DU 20 1 = 1.,%
S0 BUFLCI+45) = THETMCD)
BUF 1¢27) = TLSH
C
JF (KL LE ., NLSEYRETURN
c

ALLAG=1AND (113 .06FLAG)
FGT40=0
tND

25/&6
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APPENDIX B. FORTRAN PROGRAM FOR LEAST-SQUARE WITHOUT SCRAPING
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e it A+ s e
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Pt o

MERUW L Al Lo Liv )

L
L3R Ko AR OK K K KO8 X XA AR R AR AT 20Kk AOR K40 KRN Rk Ok A
°
L AURLD AL "AALLSEY UN DLLG
L REV, 29 LEPT U
@
£ KAOK A XM JKOK KRR e s 75 00K 6 0 KO 3 500 K R AL 2 A ROK R RO,
L
C WEW MICOM LEAY) SuUaKL B 11 RUUEENE
L /aUG/Y RUV, f3auULue 4
C
( THIS RUUIRE CUMPUTEY ESTIMATLS OF tdbor A TLLY Ratl
U BY PLRFURMING A LLabt SUUARLG LT O VO LUCETY Deatda IN
{ REFERENCE COOKDINATLE S
L
C
{0 T R O PR O 5 5 0 51 1 o 1 1 O O 151 1 1 01 O O I T O O 1 O G O O O I 1 L0 W8 9 AL
L
C GTANDAKD CUMMON
L
C /307 A
t
[
KNEAL K16 KO KA K ko KS K ENUE KX LAMDE LAY, IDENT
B OMIRXA M ITRXE MK K HAKTD . HUD L
C
INTEGLR LYFOSL  AZGYE CLEW UDISL, CSF LGB 6L LEHLG VLR G, GGG,
3 OTEM2,ANLAG O TEAK DAY VHDURS  GECS SRR T AKX LY
1 (RILLOLYNL  ERROR
C
COMMUN ANGEL (2 GMANG L) K1OG 0 2) CEHE L) LGACEY (DEHLT LG LL,
B ALY  SLaWS) , 10 IMUGY  JAULINCLS ) D0 0D LSU  DELECS)
(. NUMCG) KDULCE) s e LG BE R LG LU LG MDE LG VURELL L LG EREGOS ),
U NEGU, THLACE) KU 3) KECe . 8 K2C3) \KSCSY (KO, 30 K165,
b OKNOMOE) (KIXCE)  DLLIACE) DUCH) VTORWCS) , LtDUML L JU [ LACS) L1 DU,
i CUD WL (87, €8) DUl T ROZLEVLNT S RUNSD 1RP (S8  RMAX,
RMAXE LAOMDA,LAT () DY (52, b1CE) \DUCS) ,LLE3) (GBI TAde) Gl (s .
HoOTMLNR LT E L T2 VKRGS o IR CS) L LDUMS L SFLAL , UMLLGE L TRECS, 30
J TRDCS, 0 TRDCE o) o bHL Ll DEGRALLURNVE L LDUMS cal LAG ST,
K TEAR CMUNTH, DAY HOBRG  MENG  LULG  MSELL L LULD 2, 8 DOULD (e, 8) .
{ CNEWC &) JDUNLW G, ) (LG8, a0 DL, 3) JERRGT VL JHODLE U Y L vE M2,
M OIDENTLS ) MIRXACH ) (X EOS . 50 MIRAGCE, 3y, THD (THT (HtUE (R 4)
N TEDCE, 50 VIDRVKTACS JKTDCS) b LUR LS 8D L THETACL)  aXLLCE)
e TLGE , FLAT L FROS) (T (D) Ltk (2),
WUIME (DL THNOR(ZSGSE) CTHWLG LU L TDRNOTEL0) RTDWL C2Le) KK, ThHo (b0
R CALP IR EL2%) JKPLUT AL (250 ) (AP (2%0) VXAP (25%0) . XAP (29%58) . A9P (29 )
G WDNRGE CECY) S DNREW LS ) NORWY ,ALPTR(LY)
R TE IO GYNC,NRUE D LHUGN L GPALL CBUF £ C30) L BUF 2(8.2) (FRROKN
(.
[0 O O O O O 1 O 4 0 I O O O A O O 4 1 5 O O 1 O A O O A O W W o A
L

DIMLNGSLUN JNLGE ()
FQUIVALLRCL CITBLIRMOY ) X3 CTRE G OX)  CHL YT X8
A CE A0  X4) , CTHL 1Oy X)) CENLSE CHL b ) L CENL G o) (KD




oo

coo o

MLKRUS

LWULVELNG GTROS)Y R
URNITA 1L 06/ 7777
DLIERMING LV ALvS 1 1) BE LXCGUTED

JECEND CNE Y)Y GO0

FST1u=n

NETLIRN

DLTULRMINL 1 FIRST OR SECOND 1 iME THROUGE . P ARG
FHRUUGLH Wil NOT COMPUTE (1L LSF

LFXHGHI0 1) 4,4
TTLRATLONSG

ELIRGT T1IML THROUGH SL T NUMELK Ot
AND INI1LAL CONDLTIUNG

Poihag::
NLGF < INL G

LONVERT FROM DLG/HK 10 RAD/GLC
tERU=t RU/ (5600 . XDEGRA)

GIGN INGERTED . MAY BE KEMUVLD WITH $UN.LY7
u = FERU/ZS,

11=06,
DTOW=DEL T 1 ADELTTY
DTLE=DTSWADEL T
DIUD=DTSOxD G0

AL=, 50345555 353KkDTLG
Ad=, 20H%DTCR

AS= . 2KD 1 WbxU

UNF=DUK (1)
VEF=DUR ()
VAl = DUR (3)

Wi=UNI %A)
W2A=UNF XA
Webs- VEF XAY
W3=VEFXAL
WaA=VEl XA
WAB=UNi- XA3
Wh=VUnt XAt
K=1

LU TO S

LECOND AND SUBSEGULNT 3 LIMES THROUGH, COMELNL
Wi TU W3, 5L 1Y S5, AND Xt 10 XS

K=K+ 4§

CUMPUIE Wi TU W4
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Y

[N
TF=TI D

LLt
LLTT
UNL=UNI
UNE-=UNL ¢DUR (1)
VL L=V

VET =R L DVR (2D
VA L=UaAl

VAl -VAlL DUR(S)

PESW- tE R
TEFCR= - 5RXTF
LHWD=tE WM LU
FLSE=T 1 &1L
TICE- LGRS
FLED=T TSN T 154

FTENDS S T RTIHT1L60
TAKD = {1 CEBAIFSWX I [+TFXTIOGWHTICR
PATH=TE WD HECEKT LA 1 SORTLOSWVEXT LCRY 11D

Wi=Wi- (UNE- UNLDIXTENDZG 4 (UNEXTESW UNLKT LU X, .

W2A=WA (UNE -UNID R TIRD/L2 .+ (VNFXTFLR-UNIXT LU /3,
Webi=We Bt UK C(VEE - VLD R TATHX, 0% (VLEXTEOR- VLIXIIEGD) K, %)
WIW3 (M VR RIEND AL v (VIR GU-VELA TG X .

WAA Wadh (VEE VELDIRTSRD/LE 5 (VEERTFLE VLA LICE)Y /4,
WAR-WAL UXOCUNE UNLIRTATHY, 0% -CUNFRTT WL UNIXTIND)Y A, 2%
LW (VA VAL ETZND/ZG . (VAL X LW VALXTLOWI X Y

LUMPUIL L0 (10 &Y i

cocrToc

thU=11 &l
TFUSE: (- UKTHL
PE=3% . 164, X1FULGE
QQ=7.+5,.% i Us0Q
REKE:= 1FLEAY
RRRU=RRRHXTE
RRKD KRKKCkI1E

L2400 KGR /RKKRE
S2=2300./RKRD
A 100 /RKRIL
54=1680 . KU/ RRIVE
AR IV I

«

C (UMPUIL Xi 10 X%

XIA=LAKWL CUXWA GARNAA |
XK= LAWK GANWAK :
X1=X1A4 X1k

X2A= -G5KWS $H2RM D AR

X B LAWK

X2=X 204 XK
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Jie %y, SR

e %5 ATt

X3A= LARWLA+SHLKWS -GS5AWAA

Xob= S4XWE LOKWAR
XS=XSArX S
X4A= L4kWL- LIXWATHLIKWAA
X4kB-- LAWAR
XA=XA4A+ X4k
XB= 3L kWS
C
G PALL EUREER
L
LONIELD = touh
BUF1(&) = 13
PO 10 1 = 1.3
BUF£(TI+23) = ERC(I)
BUFLC1420) = LID(L)
10 BUFL1CI+¢6) = DVR(L)
buU 201 = 1.6
20 BUFLCI+49) = THLLIACD)
bo S0 1 1.8
S0 BUFLCL+15) = THTMOD)
BUF S (27) = TLSEH
G
IF (K. LE NLSHIRETUKRN
C
A LAL=1AND (113, AFLAL)
FSTiv=0
£ND
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